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Energy storageMagnesium–lithium hybrid ion batteries have emerged as a new class of energy storage systems owing to
dendrite free cycling of magnesium anode and possibility of practice of numerous conventional lithium
cathodes. In present work, we used hybrid ion strategy to analyze the performance of lithium titanate
based lithium cathode, magnesium metal anode, and all-phenyl complex (APC) electrolytes at different
temperatures (25 C, 10 C, 0 C, 10 C, and 20 C). The hybrid ion battery exhibited excellent rate per-
formance (228 mAh g1/20 mA g1 and 163 mAh g1/1000 mA g1) with stable voltage plateaus at 0.90
and 0.75 V, which corresponds to specific energy of 178 Wh kg1 at room temperature (25 C).
Experimental results revealed that APC-THF solutions have strong potential to suppress the freezing of
electrolyte solutions owing to low boiling point of THF. The low temperature electrochemical testing
revealed the reversible capacities of 213.4, 165.5, 143.8, 133.2 and 78.56 mAh g1 at 25, 10, 0, 10,
and 20 C, respectively. Furthermore, ex-situ XRD, SEM, and EIS tests were carried out to understand
the reaction kinetics of both Mg2+ and Li+ ions inside the lithium titanate cathode. We hope this work will
shed light on low temperature prospective of electrochemical devices for use in cold environments.
 2020 Science Press and Dalian Institute of Chemical Physics, Chinese Academy of Sciences. Published by
ELSEVIER B.V. and Science Press. All rights reserved.1. Introduction
Among various energy storage devices, rechargeable metal ion
batteries have attracted tremendous research attraction in past
few decades owing to their high consumption in electronic, auto-
mobiles and electric vehicle industries [1–4]. Among rechargeable
batteries, lithium ion batteries have already been commercialized
and dominating the current market. However, limited reservoirs
of lithium, safety concerns as well as capacities approaching to the-
oretical limits have encouraged the researchers to look for post
lithium ion batteries [5]. Recently, several new batteries such as
sodium, aluminum, and magnesium ion batteries have emerged
as post lithium technologies. Magnesium ion batteries are consid-
ered as most attractive technologies owing to high natural abun-
dance of magnesium, high theoretical volumetric capacities, and
dendrite free cycling [6]. Extensive research was carried out to
elaborate the capabilities of magnesium ion batteries with Ni0.75-
Fe0.25Se2 [7], CuS nano-particles [8], NiS2 [9], TiO2-B nanowires
[10], Bi-rGO nanocomposites [11], and C-Ti2S4 [12] cathodes etc.However, their performance is still far from practical needs, mainly
because of sluggish magnesium ion transportations inside
cathodes.
Several new techniques have been developed to overcome this
problem and to achieve high energy densities. For example, com-
bining magnesium anode/electrolyte with lithium cathodes along
with addition of lithium salt is an ideal choice, which not only
resolve the problem of sluggish magnesium ion transportation
but also increase the possibility of practice of conventional lithium
cathodes. Literature review revealed that there are several reports,
where hybrid ion strategy has been employed to achieve high
specific capacities and dendrite free cycling. For example, Ni-
MnO2/CNTs [13], SnO2/rGO [14], H2V3O8 [15], TiS2 [16,17], Mo6S8
[18,19], and Ti3C2Tx [20] have been widely used for magnesium-
lithium hybrid ion batteries (MLIBs) with significant improvement
in both specific capacities and cycle stabilities. Similarly, the
lithium titanate, Li4Ti5O12 with a spinel structure is an ideal mate-
rial due to its structural stability, good coulombic efficiency, and
fast electron/guest ion transportations [21]. However, low
charge/discharge potentials (around 1.5 V) vs. Li/Li+ is considered
as an intrinsic challenge, which limits its application in high-
power-density batteries [22]. Fortunately, these charge/dischargereserved.
384 M. Rashad, M. Asif / Journal of Energy Chemistry 56 (2021) 383–390potential lies in the range of magnesium battery electrolytes, thus
can be used in MLIBs.
Earlier reports have only focused on synthesis of new cathode
materials and development of organic/inorganic electrolytes with
lithium salts to achieve high capacities at room temperatures.
However, very less research was conducted to explore the electro-
chemistries of magnesium batteries at low temperatures. Since, the
military and aerospace industries require rechargeable batteries
that can be operated at low temperatures such as 10 C or
20 C; therefore, it is important to explore new batteries with
low temperature performance. Herein, for the first time we have
elaborated the low temperatures (25 C, 10 C, 0 C, 10 C, and
20 C) electrochemical performance of spinal Li4Ti5O12 spheres
in MLIBs using solvents with low boiling points (THF). Further-
more, the working mechanism of Li4Ti5O12 spheres in APC-LiCl-
THF electrolytes was examined by ex-situ XRD, EIS and SEM, and
by analyzing the electrochemical impedance spectroscopy and cyc-
lic voltammetry as low temperatures.2. Experimental
Micro sized Li4Ti5O12 powder (particle size: 200 nm and purity:
>99) supplied by Sigma Aldrich (China), was used without further
purifications. The crystallinity and purity of Li4Ti5O12 powder was
examined by X-ray diffraction (XRD) using a rotating X-ray diffrac-
tometer equipped with Cu K radiations between 15-85 at room
temperature. The surface morphology of material was analyzed
using scanning electron microscopy (SEM) and transmission elec-
tron microscopy (TEM). For electrochemical characterizations, Li4-
Ti5O12 based electrodes were prepared by blending the 20 wt.%
Super P, 10 wt.% polyvinylidene fluoride (PVDF), 70 wt.% active
materials (Li4Ti5O12) in N-Methyl-2-pyrrolidone (NMP) solvent
for 5 h using a magnetic stirrer. The composite slurry was casted
on to a graphite foil using doctor-blade method and dried at
60 C for 12 h in an electric oven. Coated foil was punched into disk
of 14 mm diameter. The loading of active material was about
1.0 mg cm1. The negative electrode (anode) were prepared by pol-
ishing the AZ31 magnesium alloy disks with 16 mm diameters
using sand papers and tetrahydrofuran solutions.
Magnesium battery electrolyte was prepared by blending the
phenyl magnesium chloride (PhMgCl) and aluminum trichlorides
(AlCl3) in the presence of tetrahydrofuran (THF) solvent inside
the glove box with water and oxygen contents of less than 0.01
and 0.1 ppm, respectively. The molar ratio between PhMgCl and
AlCl3 was chosen to be 2:1. The final all-phenyl-complex (APC)
with 0.4 M concentration was used as magnesium ion electrolyte.
To increase the ionic conductivity of APC electrolyte, 1 M of lithium
salt (lithium chloride) was added in to APC complex. This molar
concentration was selected based on our previous work, where
effect of different molar concentrations (0.5, 1.0, 2.0 M) of LiCl in
APC electrolytes has been thoroughly studied in Mg/Li hybrid ion
battery [23].
Half-cells (CR-2016) were assembled by using Li4Ti5O12 cath-
ode, AZ31 Magnesium anode, glass microfiber filter (GF/C) separa-
tor, and 0.4 M APC or 0.4 M APC – 1.0 M LiCl electrolytes inside the
argon filled glove box. The half-cells were aged for 5 h and then
tested on a multi-channel battery testing station (LANHE) in a volt-
age range of 0.05–2.0 V at the current densities of 20, 40, 100, 200,
400, 1000 mA g1 at room temperature (25 C). For low tempera-
ture characterizations, the testing channels were loaded into a
low temperature furnace with refrigerator function. The half-cells
were aged for 12 h before starting the test (at 10 C, 0 C, 10 C,
20 C). A constant current density (50 mA g1) was selected to
measure the galvanostatic charge–discharge profiles for 50 cycles.
Furthermore, the cyclic voltammetry (potential window: 0–2 Vand scan rate: 0.5–10 mV/s) and electrochemical impedance spec-
troscopy (frequency range: 0.001–106 Hz) measurements were
performed on an electrochemical workstation at different temper-
atures (25 C, 10 C, 0 C, 10 C, and 20 C). The cycled elec-
trodes were examined using ex-situ XRD and SEM.3. Results and discussion
The crystallinity and phases of lithium titanate was examined
by X-ray diffraction (XRD) patterns as shown in Fig. 1(a). All XRD
peaks are consistent with PDF# 49-0207 and space group: F d 3
m (#227-2), where lithium, titanium, and oxygen atoms are dis-
tributed in different coordinates as sketched in Fig. 1(b). The GSAS
software was used to analyze the XRD data for difference curve at
room temperatures. The lattice parameters of orthorhombic crystal
structure of lithium titanate were found to be a = b = c = 8.35706 Å,
a = b = c = 90 and unit-cell volume = 583.6691 Å3, which are con-
sistent with previous reports. The crystallographic parameters
refined by Rietveld analysis of the neutron powder diffraction data
for lithium titanate are summarized in Table S1. The absence of
additional peaks confirmed the phase purity of the material.
The microstructural evaluation of lithium titanate was carried
out using SEM and TEM as shown in Fig. 2. The SEM image shows
that lithium titanate consist of round porous spheres with size
ranging from one to five microns (Fig. 2a). Fig. 2(b and c) shows
the magnified images of the spheres, which revealed that spheres
consist of nanoparticles aggregated in an order to make a sphere.
The size of these nanoparticles ranges from 200 to 400 nm. Ele-
mental composition of lithium titanate was confirmed by elemen-
tal dispersive spectroscopy (EDS) equipped with SEM as shown
Fig. 2(g and h), which shows the mapping of titanium (Ti) and oxy-
gen (O). It can be seen that both elements (Ti and O) demonstrated
the uniform distribution in a single lithium titanate sphere. The
SEM findings were further enriched by TEM analysis as shown in
Fig. 2(d). High-resolution TEM image of nanoparticles revealed
the clear lattice fringes with dislocation free interplaner spacing
of 0.48 nm corresponding to (1 1 1) plane (Fig. 2f). The correspond-
ing selected area diffraction pattern (SAED) confirms the phase
purity with distinct points (Fig. 2i), which are in good agreement
with XRD results. The presence of significant porous structure of
lithium titanate spheres is highly beneficial for electrolyte wetting
and guest ion transportations during redox reactions.
Fig. 3(a) shows the cyclic voltammetry (CV) curves of Li4Ti5O12
cathode measured in 0.4 APC–1.0 LiCl solutions at different scan
rates (0.5–10 mV/s). Two obvious Faradic redox peaks were
observed at 0.87 and 0.69 V (at 0.5 mV/s) corresponding to inser-
tion/extraction of Li+ ions inside/from Li4Ti5O12 cathode. These
redox peaks corresponds to charge and discharge platforms during
the galvanostatic electrochemical measurements. When scan rate
increases, the peak currents also increase with slight shift in peak
positions (potential difference). It means that anodic peak currents
have a linear relationship with square root of scan rates, thus dif-
fusion of guest ions occurred (Fig. 3b). Peak currents at different
scan rates arise from contribution of both pseudo capacitive and
diffusion behavior of guest ions. Augustyn’s equations [24] can
be used to differentiate both diffusion and pseudo capacitive con-
tributions to the total current.
i ¼ k1v þ k2v1=2 ð1Þ
i=v1=2 ¼ k1v1=2 þ k2 ð2Þ
Eqs. (1) and (2) possess constants k1 and k2, whereas the factor
k1v represents the surface or pseudo capacitive contribution and
k2v1/2 represents the diffusion contribution to the total current.
By calculating the constants k1 and k2, we found that pseudo capac-
Fig. 1. (a) X-ray powder diffraction and rietveld refinement patterns for Li4Ti5O12, where red: experimental intensities; black: calculated intensities; blue: difference curve;
and green lines: position of diffraction peaks, and (b) the refined crystal structure of Li4Ti5O12.
Fig. 2. SEM images showing the structural morphologies of Li4Ti5O12 spheres at different magnifications (a–c), TEM images showing the high magnification images (d and e),
lattice spacing (f), elemental mapping (g and h), and SAED pattern (i) of Li4Ti5O12 spheres.
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Fig. 3. (a) Room temperature (25 C) CV curves at different scan rates, (b) linear fitting of anodic peak currents verses square root of scan rate, (c) CV curves measured at
different temperatures, and (d) linear fitting of anodic and cathodic peak currents verses temperatures (25, 10, 0, 10, and 20 C).
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Fig. S1(a). For example, the pseudo capacitive contribution was
found to be 12.45% at the scan rate of 0.5 mVs1 (Fig. S1b). How-
ever, when scan rate reaches to 10 mV s1, the capacitive contribu-
tion was increase to a value of 32.3%. It means that at a high scan
rate, the surface reaction or contribution to total capacity of bat-
tery increases [25]. Fig. 3(c) displays the CV curves measured at
different temperatures (25, 10, 0, 10, and 20 C), which indi-
cated that peak currents decrease, while potential differences
increase with lessening the atmospheric temperatures. Both anodic
and cathodic peaks exhibited linear relationship with tempera-
tures as shown in Fig. 3d. Lowering the atmospheric temperatures
has resulted in reduced the diffusion of guest ions and sluggish
guest ion transportation owing to freezing of electrolyte solutions.
Since it is very complex to estimate the diffusion coefficient of a
hybrid ion system. Therefore, we neglect the Mg2+ ion insertion
(owing to its low contribution compared with Li+ ions) to make
the calculations easier and employ the Randles-Sevcik Equation.
Thus, with assumption that only Li+ ions diffuses at Li4Ti5O12 cath-
ode, the Randles-Sevcik Equation was employed to approximate
the diffusion coefficient of Li+ ions (at different temperatures)
using Eq. (3) [26]:
ip ¼ 2:69 105
D E




 C  ffiffiffimp ð3Þ
where ip is peak current, n is number of electron, S is surface area of
cathode particles, DO is the diffusion coefficient of Li+ ions, C is con-
centration of Li+ ions, and v is the scan rate. Based on above equa-
tion, the diffusion coefficients of Li+ ions were estimated atdifferent temperatures as shown in Table 1. These results are in
good agreement with previously reported works on Li4Ti5O12 cath-
ode based LIBs [26–28]. In addition, the significantly higher diffu-
sion coefficient of Li+ ions was achieved even at lowest
temperature (20 C), indicating the potential capability of
employed electrolyte solutions and anode.
The electrochemical performance of LTO cathode was firstly
tested using 0.4 M APC electrolyte at room temperature as shown
in Fig. S2(a and b). It can be seen that battery exhibited a maximum
specific capacity of about 33 mAh g1 at 20 mA g1. The low capac-
ity of battery is attributed to the sluggish Mg2+ ion transportation
inside the spinel LTO structures. The possible reason for sluggish
diffusion is divalent nature of Mg2+ ion, large ionic radius, and high
repulsion induced from the host material. To bypass the sluggish
Mg2+ ions problem and achieve the high reversible capacities, Li+
ions were introduced into APC electrolytes in the form of LiCl salt
and then tested at room temperatures as shown in Figs. 4(a and b)
and S2(c). It can be seen that LTO cathode exhibited the reversible
capacities of 228, 212.5, 204.1, 199.7, 185.3 and 163mAh g1 at the
current densities of 20, 40, 100, 200, 400, and 1000 mA g1, respec-
tively. Corresponding charge–discharge curves exhibited the stable
voltage platforms between 0.7 and 0.9 V, which are in good agree-
ment with CV peaks. The improvement in electrochemical perfor-
mance of hybrid ion electrolyte (0.4 APC-1.0 LiCl) is attributed to
the fast electroplating of Mg2+ ions at anode side and insertion/ex-
traction of both Li+ and Mg2+ ions inside/from the LTO cathode,
which is fundamental basis for design of Mg-Li hybrid batteries.
These results are in good agreement with previous reports, where
co-intercalations of both Li+ and Mg2+ ions were investigated by
Table 1
Diffusion coefficients (Do) of lithium ions at different temperatures (25, 10, 0, 10, and 20 C).
Temperatures (C) 25 10 0 10 20
Do (1013 cm2 S1) 8.41 7.13 5.68 3.19 1.01
Fig. 4. (a) Galvanostatic charging-discharging curves at different current densities (20–1000 mAh g1) measured at room temperature (25 C), (b) cycle stabilities of half-cells
measured at different temperatures (25, 10, 0, 10, and 20 C), (c) galvanostatic charging-discharging curves at different temperatures (25, 10, 0, 10, and 20 C), and (d)
relation between polarizations of cells at different temperatures.
M. Rashad, M. Asif / Journal of Energy Chemistry 56 (2021) 383–390 387ex-situ techniques [23,29]. Comparison with previously reported
hybrid ion batteries revealed that the present work exhibited much
better rate performance and capacities with energy density of 178
Wh kg1 at room temperature (25 C) [13,17–20,30–34] (Fig. 5a).
Inspired from excellent room temperature electrochemical per-
formance, the half-cells were cycled at low temperatures i.e. 10 C,
0 C, 10 C, and 20 C with constant current density of
100 mA g1 to elaborate the low temperature capabilities of LTO
cathode and APC-LiCl/THF electrolyte. Fig. 4(a) shows the cycling
performance of half-cells at various temperatures for 50 cycles.
The stable capacities of initial cycles at 25, 10, 0, 10, and
20 C were found to be 213.4, 165.5, 143.8, 133.2 and 78.56
mAh g1, respectively. The decrease in temperature has reduced
the capacities up to 22.4%, 32.6%, 37.5%, and 63.2% for 10 C, 0 C,
10 C, and 20 C, respectively. Fig. 4(c) represents the voltage-
capacity curve of battery cycled at different temperatures at the
current rate of 100 mA g1. These curves were used to estimate
the voltage hysteresis at different temperatures (potential differ-
ence between charging and discharging curves at half of the capac-
ity value) as shown in Fig. 4(d). It was observed that decrease in
temperature has significantly increases the polarization of elec-
trodes as confirmed by the charging-discharging curves and theircorresponding electrode capacities. Interestingly, despite of large
polarization at 20 C the charging-discharging curve revealed
uniform voltage plateaus, confirming the high capability of used
APC-LiCl/THF based electrolyte to work at low temperatures. Fur-
thermore, the capacity retentions of MLIB (as a function of temper-
atures) was compared with previously reported LIBs [35–41] as
shown in Fig. 5(b), which confirmed that magnesium batteries
with Mg anode and APC-LiCl/THF electrolytes have strong potential
to compete the lithium technologies at low temperatures. Since,
the degree of freezing point of electrolyte depends on solvent used,
solutes and their molar concentrations [42]. Therefore, low viscos-
ity and melting point of tetrahydrofuran (THF), and appropriate
concentration of LiCl salt (1.0 M) successfully resisted freezing of
the electrolytes, as confirmed by their capacity at 20 C [28].
To understand the insertion and extraction mechanism of guest
ions at LTO cathode, the electrodes were cycled in 0.4 M APC and
0.4 M APC-1.0 M LiCl electrolytes, and were stopped at charged
and discharged states. After careful washing, the electrodes were
analyzed using ex-situ XRD technique as shown in Fig. 5(c and
d). A pristine electrode was used for comparison. In both cases,
the peak intensities corresponding to the active materials were
decreased, when electrodes were charged (2.0 V), which is attribu-
Fig. 5. (a) Comparison of present work with previous reports (MLIBs) at room temperatures, (b) comparison of capacity retentions of present work with conventional LIBs
tested at low temperatures, ex-situ XRD of cathodes at different stages after cycling in (c) 0.4 M APC and (d) 0.4 M APC-1.0 M LiCl electrolytes.
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nel LTO structure. However, when electrodes were discharged
(0.0 V), the intensities of active materials were increased owing
to insertion of guest ions into host material. No new peak was
traced during charge and discharge process, indicating the absence
of side reactions, which is beneficial for cycle stability of battery.
These results are in good agreement with previous works [23,28].
To investigate the effect of temperature on bulk resistance of
batteries, the half-cells were examined using electrochemical
impedance spectroscopy (EIS) at 25, 10, 0, 10, and 20 C as
shown in Fig. 6(a). It can be seen that Nyquist plots consist of
depressed small semi-circle in high frequency region, a semi-
circle in medium frequency region, and a slope line in low fre-
quency region. The first depressed semi-circle corresponds to
ohmic resistance (RSEI), which is generated owing to formation of
solid electrolyte interface (SEI) on cathode surface. The second
and relatively large semi-circle corresponds to charge transfer
resistance (RCT). The slope line in low frequency region corresponds
to Warburg factor (WF), which is associated with diffusion of guest
ions. The equivalent circuit of Nyquist plots is shown in Fig. S3. It is
clear that decrease in temperature has significantly increased the
values of RSEI, RCT and WF as shown in Table 2. This upswing is
attributed to the sluggish transportation of guest ions during the
freezing of electrolyte solutions. The slope, which represents the
Warburg factor (r) has an inverse relation with diffusion coeffi-
cient of Li+ ions as shown in Eq. (4) and can be obtained by drawing
the plots between Z’ and x1/2 (Fig. 6b) [43,44].DO ¼ R2T2=2A2n4F4C2r2 ð4ÞZ0 ¼ RSEI þ RCT þ r x1=2 ð5Þ
where R is general gas constant, T is absolute temperature, A is sur-
face area of the positive electrode, n is number of electrons per
molecule, F is Faraday constant, C is concentration of lithium-ions,
r is Warburg factor, and x is angular frequency. Using Eqs. (2)
and (3), the diffusion coefficient of Li+ ions is calculated and sum-
marized in Table 2. To further, understand the effect of temperature
on diffusion coefficient of lithium ions (Do), Arrhenius scheme is
plotted as shown in Fig. 6(c) using Eq. (6).
DO ¼ DPECexp Ea=RTð Þ ð6Þ
where DPEC the pre-exponential factor, Ea activation energy, R is
general gas constant, and T is absolute temperature. Based on Eq.
(4), the activation energy can be calculated by measuring the slope
of fitting line. The estimated activation energy was found to be
42.31 kJ/mol, which is consistent with literature reports [45]. At
the end, the surface of magnesiummetal anode was analyzed using
a SEM technique as shown in Fig. 6(d). It can be seen that no den-
drites were observed on the surface of anode after cycling, which is
consistent with previous reports [13,46]. Only few pits were seen,
which could be attributed to the acidic nature of APC electrolyte
solutions. The dendrite free cycling is highly beneficial for cycle
stabilities of rechargeable batteries.
Fig. 6. Electrochemical impedance spectroscopy data of LTO cell in 0.4 APC – 1.0 LiCl electrolyte. (a) Comparison of Nyquist plots at different temperatures (25, 10, 0,10, and
20 C) showing the surface layer and the charge transfer resistance components, (b) relation between Z’ and x1/2 at different temperatures, (c) Arrhenius plot of diffusion
coefficient of lithium ions, and (d) SEM images of magnesium anode before and after cycling.
Table 2
Impedance parameters and diffusion coefficients (Do) of lithium ions at different temperatures (25, 10, 0, 10, and 20 C).
Temperature (C) RSEI (X) RCT (X) Slope Do (1013 cm2 S1)
25 48 291 57 8.56
10 120 745 67 7.10
0 184 1098 90 5.88
10 253 1475 121 3.23
20 340 2445 185 1.05
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To overcome the problem of energy storage at low tempera-
tures, a strategy was successfully explored in terms of
magnesium-lithium hybrid ion system and magnesium metal
anode. Firstly, the ionic conductivity of all-phenyl complex (APC)
electrolyte was enhanced by introducing the lithium salt. The
resultant hybrid electrolyte exhibited the specific capacity of 228
mAh g1 at 20 mA g1, with significant good rate performance at
room temperature. Secondly, the capability of synthesized hybrid
electrolyte was evaluated at low temperatures (10 C, 0 C,
10 C, and 20 C). Interestingly, the APC electrolytes exhibited
strong capability to operate at low temperatures owing to its
THF based solvent. Experimental results revealed the reversible
capacities of 213.4, 165.5, 143.8, 133.2 and 78.56 mAh g1 at 25,
10, 0, 10, and 20 C, respectively, which shows the ability ofAPC-THF based electrolytes for low temperature applications. Fur-
thermore, the experimental results were qualitatively and quanti-
tatively analyzed by measuring the diffusion coefficients, cell
impedances, and Arrhenius plots at different temperatures.Declaration of Competing Interest
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